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¾> A detailed examination of simultaneous digitally enhanced flow
/ visualization iesults and surface pressure measurements was conducted

to develop insight into the relationships between dynamic stall.
vor•..x devel opI'eni ai" a' air-foil surface pressure ievnl s. The
expieimeuntal situation iiivolved a two-dimensional NACA 0015 airfoil
drixen at conustant pitching rates ovcr attach angles from zero t.o 60
degrees. Specific attention was, focussed on inoderatni y low non-
dimensional pIitclh rates such that ornlý, I sinwle dynam.i c voIt.ex was
present on the air foil surface at any one time. The- analyses show
that, the developmneit of a dynamic stall vortex over the top surface
of the airfoil does i.ot enihance the i ustantaneouts lift. The
initiat ion of the dynamic stall vortex appears to correspond close)]y
to a leveling of the lift. curve as a functrioii of attack ang]e.. latet
r-apid growth of the stall vortex acconmpan-ies a decrcease in lift. . The
eventjjual detachment of the stall Xv)ortex from the ai rfoii corresponds
to a sianultaneouts decreas-e in the pres sure d rfa. or)tin: alrkoi..
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Abstract I r roduc t ion

A detailed examination of simultaneous Recent experimencs concerning the unsteady
digitally enhanced flow visualization results and aerodynaiyfs of pitching airfoils by Walker, ile{y
surface pressure s.easurements was conducted to and Chon and Jumper, Shreck, and Dimmick
develop insight into the re 1ationships between have demonstrated that large percentage enhance-
dynamic stall vortex development and airfoil. me,!ts of maximuo lift coefficients can be obtainied
sueface pressure levels. The exp,.rimental situs,- frost relatively low nond.imensional pitch rates.
tion involved a two-dimensional NACA 0015 airfoil For nondifmansional pitch r~te as low as a = 0.03
driven .it constant pitching rates over attack both experimental studies ' reported increases
angles from zero to 60 degrees. Specific in maximum lift coefficients of over 100% for a
attenntlon was focussed on moderately low non- NACA 2015 airfoil. Even at the minimum pitch rate
dimensional pitch rates such that only a singie o (=2) 0.02 re. orted by Jumper, Shreck, and
dynamic vortex was present on the airfoil surface Pis;mlick an increase of over 50% in maximum lift
at any instant in time. The analyses show that coefficient was observed.
the development of a dynamic stall vortex over the These impressive experimental results demon-
.ap surface of the airfoil does not ennance the- strate Lhe potential benefits available from the
insrantaneous lift. The initiation of the dynamic explo'tation of unsteady aerodynamic effects.
stall vortex appears to correspond closely to a However, more understanding ot the connections
leveling of the lift curve as a function of attack between the complex unsteady flow phenomena and
angle. Later rapid growth of the stall vortex is the resulting aerodynamic forces is presently
found to accompany a decrease in lift. The needed to develop practical applications employing
eventual detachment of the stall vortex from the these effects. One of the significant practical
airfoil is observed to correspond to a simol- applications involves improving the Myeuvera-
taneous decrease in the pressure drag on the bility of high performance aircraft . The
airfoil. results presented here are aimed at improving this

situation by developing direct connections between
Nomenclature the separated flow phenomena and the instantaneous

pressure forces on the airfoil.
c airfoil chord length 2 The expe' '.tental situation analyzed in this
c1D coefficient of pressure drag, DA(I/2 p 1 e- stud) involves a two-dimensional NACA 0015 airfoil
C coefficient of lift, L/(1/2 p UL c) which is pitched at constant rotation rates from
1 pressure Z.- mn AO ,wos in a uniform stream of air.

r radial distance from pivot to position on Motion pictures of smoke streaklinie development
airfoil surface synchronized with instantaneous surface pressure

s tangential direction along ai-oil surface data are used to provide information concerning
t time the relationships between the flow phenomena and
t* tU /c the surface pressure field.+ Moderately low

" tangential velocity of airfoil surface uondimeusional pitch rates of at 0.1 and 0.2 are
U' free stream velocity tmagntitude focussed ott here because under these conditions
U LI /U only onc dynamic stall vortex is present instan-
x fsreestream velocity direction tpteoualy on the airfoil upper surface. At higher
z tangential liroction on airfoil surface a values multiple dynamic stall vortices may

normal to x appear simultaneously on the airfoil upper sur-
E angle of attack faces making interpretations concerning the

6 attack angle rotation rate effects of individual dynamic stall vgrtices more

4  rate of change of rotation cate difficult. In addition these low a situations
o vondimensional rotation rate (&c/U_) are Important because, as me-lntioued previously,
F sirculatlon density the largest clzanges in maximum lift coefficient
O angle between chord axis and r for a given a change are observed at these low

z orgle betweenl local. surface tangent and chord rotation rates.
p density of air lne primary focus of this study concerns the

development a-,d motion of the dynamic stall vortex
* - Student member, AlAA and its influence on the instantaneous pressure
+ "- Member, AIAA field of the airfoil. Mctroskey ) states that
4+- A:;sociate Fellow, AIAA the development of the dyoamic stall vortex, which

Thii pope, I, doclarod a work or (ho U.5S. c;•ovn t. arnd Is
not ouhjýc to copyright protection In thme Jinlted Sttlei.



apparently is a localied region of high vorticity
on the upp r surface of the airfoil * seems to be
connected to the extension of the lift curve

associated with the unst ad. mot i on of the air-
foil. To investigate th,bst uk)ct the present

study employs image inaly•"- tcthniques to quantI-
ty the growth and monion of the dynamic stall
vortex for direct comparison to the resulting
forces on the airfoil.

Experimental Procedures

The experiments were performed in the USAF
Academy's low speod wind tunnel. w"ish was
described previously in helin and Walker - . The
crosssection of the test facility was 0.61 x 0.92
meters. The NACA 0015 airfoil had a chord length
of 0.15 meters with a span equal to the test
section dimension of 0.56 meters. For the results
presenited here the airfoil was pitched about the
quarter chord position.

The surface pressure measurements were
obtained using Endecvo 8507-2 miniature pressure
transducers mounted in close coupled configuration
to surface pressure ports. Flow visualization
streakline photographs were produced usinv smoke
wire techniques in conjunction with high speed
photography.

D~gital image analysis of the photographic
results were performed using an International
Imaging System 570 in conjunction with a VAX
11/780 minicomputer. Analyses of the point sensor
data were also carried cut in digital format using
the VAX 11/780 and a biassComp MC-500 microcom-puter. " 32'

The results presented here are for a free

.stream vclocity of 6.1 m/lec with pitch rstes of
2V0 deg/sec and 460 degiGec for the a - 0.1 and

t . 0.2 cases respectively. The Reynolds number
of the flow based on the airfoil chord and the
free stream velocity was 63,500. fperimcntal

cl-,rvations by Walker, delin and Chou ) indicate
that the major flow features are ralatively inde-
pendent of increasing Reynolds number at or beyond
this value.

Results
Flow Visualization:,

The development of a dynamic stall+ region on
the NACA 0015 airfoil pitching at an a - 0.2 is
shown in figure I through a sequence of flow
visualization photographs at increasing attack
angles. These photographs show that an obvious
stall vortex region initially forms over the

forward portion of the upper airfoil surface at an
angle of attack near 25'. The dynamic vortex
region then grows and develops with increasing
attack angle until its final departure from the
airfoil at an angle near 41.

To define the boundary of the dynamic stall
vortex for the purpose of quantifying its growth
and motion a digital image analysis technique was
employed which increased the contrast between
light and dark areas on the photographs. The
application of this technique to a typical photo.-
graph from the flow visualization depicting the

flow near the upper surface of the airfoil is
shown is shown In figure 2. Figure Za shows the
original image and 2b displays the resulting 0 m 41°
enhanced image. Lines drawn to indicate the boun-
dary of the dynamic stall vortex ore shown in Figure I. Sequence of flew visuaiization photo-
figure 2c. The location of the outlined boundary gjaphs at increasing attack angles,
depends upon separating the flow involved in the 0.2.0 =02
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a. Ori'in.l tienhaced imare a. Vortex just prior to departure, i

U. Image after gray lev'el contrazt enhancement. b. Vortex at approximately the moment,,,
. af g l c ae departure, at 41.

c. Boundary outline of tie dynamic stall vortx. C. Vortex after departnre, a 44'

Figure 2. Digital image onalysis Oe visualization Figure 3. Sequence of enhanced images of dynamic
photographs, L = 32', a= 0.2. stall vortex departure from the airfoil

surface a = 0.2.
vortex from the surrounding potential flow. Tih is

is; reeltlvely simple for the leading and upper sepiration between the lower vortex boundary and
surfaces of tlie stall vortex re.-ion where a clear rhe airfoil surface can be observed. Somnehiici
demarcation between thie chaotic turbulent rots- ofitr departure rite stall vortex region becomest iollal flow Zlssociated With tile v uztex region ýlildIlthanal flow sssociated withtthe Vortextregionhande significantly disconnected from the suratie
the smooth streak] ine patteins1 associated with the airfoil flow as indicated in figure 3c.
otter potenti.tl flow can be made. Unfortunately, Once the dynamic stAll vortex has departed
o Cr c at separation between tire dowist ream sectiiiu the airfoil surface a clear distinctiolt concerning

ot t:e stall Vorte.:: antd tUe thin turbulent septl- the entire surrounding bouindary of the stalit
ated tlow region covetling the rcmainii:J portioni of vortex -:oe be made. Working back ill time frame by
the airfoil upper surtace ca,i be determined from i ftame using this, knowledge concerning tie boundary
a jg In ' image. To del ineate the aft sect ion of tEe departing vortex ant notibig s ittiltl t L(I'w
boundary of the stall vortex teCOtQtU I; UlLe to featitres between frames ai reagonably tbj Ic t Lve
tile evemittiul dcjprttlre of thie vortex trum the ea r o ldel inealt ion of tile downstreaml boaudatry of Lit'airfoil surlare,. stall vortex ait oulch instant in tilue is; pusslb he.

A sequence of enhtionced imac.s of a typi(La1 Tiin apvrorte is thus bised tl iimpos itg that the
depatrure evutit tie ý.hown it, fi gure 3. F'igtire 3a boundi d na flu id tl, i nesth s asedsoc iatet w ttit te srilta

shows the dyndlllic Vortex ji.it ptior to degpastUre' litt N alter depairture be tiefitnei also nie rtae
At this point no oilivious -:tpor ation between the Votex afr-r d"Paltpri b e dells ;iHi

lowe vorex orfa~ ant theuppe a iiofistitice ~t~ttttin ienetts prior to tdepcartuire, 'ie siytiiii itowertll vortex otitticry ans therefore asso aiateid withi
i-,; apparent. Figure 3b dinplays rite vertex rigý':on o w vtic: is cotiVeits rnto ly ktiowoto, as a fluid ctrve
at Ipptoxllicately trhol itoliwtnt of depirtture. A clear hiitloying tile previously iis•etised groceditreS the



t~ll.Jmxc stall vortex uize antid joeatiý nl Was qua tlti-

I ied as ia tunctition of attack angle for direct 0 5
c r i ar isonl Ito the S 111face presso, tO ieasurCment a.

The vortex a tea growth as a tullneLi[On o

attack angle Ic was elbtaed usiltg all imagd1'.e ana;lysis

ptof-aul to color tre vortex region. A o x 6 pixel

giJld was thie jpladed over tile ar titiicial ly coloredtl
ala_ Tihe number of grid squares associated with L

It" cliored region was theni computed to produce a0

rcason.ibly accurate vortex are a estimate. For to1

,,ech a value tihe area meas-irement was iilii•tr-di

when the dynamic stall vortex Wcas first discern- X

able on thc top surface of the ai,.foil. Tile Sro:i W,,

nliasutemeilt w;as1 then cont inuod ulnt til de vortex
0

became clearly derached from the airfoil surfact >
ot thi maximum attack angle was reached. 0]

Vortex growth as+ a tiun ction ot angl c of
attack far constanlLt o codition.m are shown iii
Iiglures 4a and 4b. The farthest left point on o . . .... . . ._ _

each curve identifies the first indication of the 2o0 30 o 50

formation of the stall vortex on the airfoil,
hmlllcdiately after the initiation of the vortex
I-orh e situatious indicate that a region of Fiieure 4b. Dyinamic stall vortex growthia.s a
relatively slow growth] ensues suggesting a quasi- function of attack aigle, a 0.2,
stable sitnuatioll. This situation however is
qoickly followed by a faster growth region during
which the vortex departs from the surface. The

departure o f Viue vortex from the surface occurs at
32' for the a = 0.1 case and at 4l1 for the n+ = o0

e.2 case.

"05i

02

>I 02 0---i..
50 30 4(0 50

Ca

01 Figure 5a. Dynamic stall vortex position along
tle airfoil versus angle of attack,

a = 0.1, U 20 fr/sec.

0 '0

00

Figure 4a. Ilynamic stall vortex growth as a Q
function o.- attack angle, a = 0.1. as

•- Os

The relationship between the vortex location O
;and tile pitching motion of the airfoil was deLet--
milld froin measurements of the vortex center on anl iI- 04 -

.xin parallel to the chord. Thle vortex center was

defin nI to be equidistant from the leading and >

trailing edges of the stall vortex ot e.ch angle
of attack. 02

Plots of the stall vortex center location as
a function of 4attack angle are shown in figures Sa

and 5b for a - 0.1 and 0.2 respectively, The 0 - 6
attack angle at which the stall vortex center

moves to the x/c - 0.25 position coincides with a

the angle at which the stall vortex •rowth rate Figure 5b. Oynaiixic stall vortex position along
undergoes a rapid inicrease for both a- values of txe airfoil versus angle of attack,
0.1 and 0.2. This result Indicates that a pos•i- a - 0.2, U - 20 ft/sec.



iMv Connect iorn between (h, p ivot loeat ion .Inrd ithe

iiil 11i1iC stall VortLe\ belixicnio rlit' exist . FurI liet'

ex,;pelt nire i t are- needeCd to0 caiziry th1iis im:;ci -

"Stir fice i'rruosiiu ie Meor!0r I etiM1 nt S

Ins tdiitdnrcoti tipper1 sutir ' pi essu it~~tc' ''

hiave be en suggest ed 1i) c v iou:; y ) by, Wu1ke t e ti. a
to b 1*2 2jIrtOIrrtl) CloselIy coiittee ed to tire- deve]oio p

111*211 t arid 15*1I1 jot; of rteI, dynitirii Ic !staI vortex.
Figure 0) gives ai direct co~iripurison be tw'eeirtlt' '

er1iraizceri flow vi sua i'.at fortiae and lustiti- I
t itteotis kippet sur face pi essi r e I i've> Isor antt
01.2 situatioti. 'Fie conipariscas Tshow thrat tire'
tolrtirariort of rite1t d yrtatiti C s t All vorte LCiXi1 tilt'

I riward sect ion o1 thet airiLoi u Upp'' rSurfacre at art

-It Larck intge of C : jji Lprtrimat~ e Iy 25' er'j'~s~-
closely to the ioces iont of a conipe t. areaol 01 igit~l
tttagnir~itde riegarrive pieserire . N Ti, I orerao low
j'ressuie apparert ly mroves with tue stall vortex as-
ilid cteted Xii the (I- 30' view ain, h-corits lenssI ""__-

inoteose as the stall vrurt ox grows stud ,2Vel~i. r iii
departs from rthe airfoil at: art an5 ev of arrek i
neair 40'. Botir Li1  upper !sun ac- s ei-uue levels 2
arid rthe surface pressure grad tent are Shown in ithe/

graphs. Tire surf ice pressure v adierit curves arc
especially useful for detertiniriig the motion of
rilte dynaitric s~tall vortex ill associatijon witih tire
"movement of the large pea k in rthe priesLsure i -~r- c--
grad ievnt: .

Figur-i 61h. Comrparison btwcen etihaniced ini.,e ai't;
upper surface pressure distributLiolis,
at - 300

~~21=

3 -I- i

IN o
Fiur 6a Coprio betee --lane ing -

upper ..traepesr istiuin, Fgr c oprsnbtenehn mg n
a - 5'. ppersurace re!;urvdistibutons

w-'~a to 4'



Fli gtie 7 s. o ws l1 CI 'lIýilt .1 i 1 wcei eltiid

I CoM hunt upe n1U11 ild lower I surl-Iace pi t stoire ttevt

st ir 0PemetLtS .1 is . 1 1id11' nt i ill a li ia I i 01 0.2. CI

Silt LCOCI Icii Ci ttiuVeS 2indicii v' th 0ii a 1 ;i11

:'L.
0 

which correspood,: closeuly to Llt.l c~hisel vat itut

ol it'1 Vor-te>: tinit lotL ion ailgie mviii. tittoi 1, ,

V tot~l) S . The -2111 vii ;icqii ties a iti'git i%"'' :1 "1

near dii attaick ane oi ,uf 380 viliichi co i iet;iiods zc

clIosel y to tie heighnifiliig 1, filit' fas izVorte LN ?'wil"t

IFAST CYNOA, C STý.rtý

CL tos'5 i

ICFStTIC.lý Figure 8. Pressureý ding coef4'iie I ct as3 a tune LiIi'

Of attack angle, CL = M.2

-.xpl icitly sevparates theI, effects oft the f luill

dvoniii Cs t hrougýh theo pre sstre gradieout from tlie
vIttectLS of tite rig-*l dSurface aezelkeration onl rite

c 5verticitv genlera'tion rote a t rhte SurtIaCL. Al'-
2Ct 31 rl')1oup11i the surface pre2ssure gradiciit is dependlent.

0z upon the flow and c.annlot easily be obtainted t o
titrbiilenr flIows,. except from expersiments, r Ito
surface acceletatioti term caul be easily calculated-ý

C pi .Lift cof rr*lejit as. a fnnctionl of itir snocific extierimeuital situations.
or rack aglifor static anj dyli:lnttt For tile ease of an air feil Pitching aboCut J
a xIrfuil p )itLchin iný To Cionl, a 0.22. fixed pivot thet Surface acceleration teiti can be

givetn by the following relation
Figure 8 displays thte experiment ally measured

pre-iure dr~ag coefficient nsa; . funictioii of CL for dli
an, a = 0. ~ i' Clo coi~ci iciout iscr.t.case uptl, r, ro[ cosi(O + ý) + ti sin(O + Cf(2)
approximtt~iely 4ý'- and riles beginsi ii s teady8to
ulocreaise . The beg nFs or. thiis decrease. in drag,
level au asto) ciu1"ct espcd closely to the angle For the -specific airfoil experimenlt., evoloj-
of detobtitent of tile zt. .1 vo~rtex from the. airfoil atod tints! for, 6 was iiia intalined constant douting
surface ob!served previot~is. rthe measurements so equatioli (2) reduIces Simply to

Anialysis of Vorricir beea LIU
TfO exp lainl thle I arge ciats in max imutm lift ai: r eo)s(- (3)

coefficient experIiieced b y 0,-- -;itoil at these
relatively low phthi tgC1q raIt.e.'; a- otlialy's i; o f
vor r tic ilty geicra I I r ýý[1:ots LI th a: . ioi I sotII The surface acceleratIionl trm0LI for a spec if ic
seeLds to be developedI. Itt a r2cetiL sav)rk Nortoil airfoil gOeiste ty pitching about, at a fixed pivot
han shown that It lie var t iI- city gen rt ioni ini a at: a iOls~tqnt tittartioa rate is Lithus solely depend-
homruegenlie(Us f luid ma" only tote !p lace a t r igid coit on 11&. Coslpe L! itU ion b1 e twceen the P re0ssutre"
boundaries and that rhoý getneratintg titerhliisais are grad ioiit tens1 atid rtie surface occeleranion term
thle tangeui0t il ttarfaeeL prtessure1 grad i co ind] the with respect to vort ic ity geseýrar ioti for 2 iqns;.ant
tautgeoriol surface accelerartion of the b rind~ity. density flow can) therefore be scaled by ii c'/U_ Or
Thtis dedtiuct lon can be mathtema ticall1y re~presented &ic /U_. Thiis nond ittios ional paramteter has in fart
by the equation beeri( I pted prev iously by Walker , Eld in, and

Chou az7 a primiary cont~rolling factor in their
+ FLIU pit-Cling airfoil experit4 cnts. This parameter was

dt Z P s +dt-L 1 assiýy~d the symbol a by Walker, Hleliii, atid
0 Chsou

Figure 9 shows, the computed values of thle
where (IF /dt is thle flux of z direct Jon vorricity vortiCity flux density from rho topl Surface Of a1
frUoT thie: Surface fluid density , 0p/Is a is rite NAGA 0015 airfoil as a function of c 14'Ord position
atangential pre`ssu~re gradient a lontg rte r igid for various values of thin parameter a . For these

surface fin a directioni normal to the z axts, and curves the hinge position was located onl the
dli /lt IS thint tangential aeceleraritio Inth tit airfoil chord at 0.25 c from the leading edge.
di~i;Uction of the rigid surface. This equation Tile resuilts show th~lt both posiLive and negative

vorricity is produced by tile top 5urfoAce Of the



vausWihpvL txh - 0.25.

-iir~il with a zrc)vo~tciu flx loate ap
40xiatl at til hig loainbcls iesoftie woanle-;(0A-ý)gos hru&90 il 7i

viciity Sine te NCA 015 s a ymmtri

tiFle tota insanano. Instcit antenonauper un3

progured 9. tilangentiaa l surface acceleration c ofe 02
the ~ fo pitching ai~ irfl be adet dicall zeea

airfcoil w 6 icsith aha terota vorticiryImxlcte p
proxucimael at thle hingenlctiao because the sisit
ofaieth twol canlso( in4.fly goesce thrug alli thims

airfoi the bot)ntosufc vorticity proratducytion body.
o h neatlye ofnthe n top sufae genertioiy -n rte, rnd o.14 .

bythe etalnstantaneousrc vorsiett grdenertsion
pronsdcedably thre tanglential surfae accleratio ofel

prodution fromss rite tnential surface pressure ineoba io
gradient willendso didertcaly cante.lo catrallties.

pesucutatn neat ornticirym iscetied byxterbod.entalx -

b thetangntal surrace pressure gradiets arshw
considerablye more cope .thvaniu the tutack accls-

beratow anlysfisgsine 1.the Surface pressure Fgr 1h ~,a 02
graidient! a depnd dirlsrl on athek flow charatier
Tove mvaluaoe the ifis gnrtiop term pint, sucrfacen0
pressureio measuresent fromithve experimentawlI

pstyve Icalsurtac pressureýnwl result are shondc
fovrsavled of searae 0.2 atcarouse atotack angfoles
below 200 (In figurse, 10. sthaton surfaceipessure
greadiet atrdyallc anls ofe attack arge poasitive

overmotf the airfoil reurface. Accordtc ing ifol

prdue spredositive sedirectinregiooverictye uppis

p iteriv calvorrct promducio will ng tend votoindcet %.e n te il . Sne te srae pesr
preversed or siepa uratdfloa oe toC-Iea~Ll te m airoil, rdet terti i ln elce o h li

stready afterodnaicst loasthen at tac aengl near cuther dyaisotleytmmllcngsnte
scttalinle, andit the stcyparotuion regtion sprfaead bon 0r codton mus 0b .reletdslag
oversthe gadirfoi .surfac fx:ae. , Fo ic ing virolils ef~S nte lwtruh te olna y o
rlthisvesultw is svalued by. apparently ul nahb oit Figue high aenod 2umb, flo = 0.2. se
thapread ofa the suraepaationregion ovaler the uppe

cmaral cmparnisondo the two lvortic ty genessrato hog ipe Cupntlusiions o orcr

stradeam oftenpivoted locnatio wclltend to, contler- dnmcsftessesalcagsi h
met thek psTive vorte iciyfroueced by the surface boundaryconditonts mustud ieneflcated tas tlare
pressure mrotion oil weer tior caeLnovig efcsintefolhruhtennlnaiyo

pitching moio onke tieMatirm coQefficien't olf jýt development of thle dynamic stall vortex on a
obsrve byWaler eal. and Jumper et al. pitching airfoil corresponds closely to a leveling



or the 11it craive a !; a f trio t i on of .i nt tek tnglIe

Tile laltevr fast grow of - thle Stal l vortLex i s
ij I feared a~s eerie v ri-d lug toL a r educt ion inl tire
li1ft: cur,,e witI 1i inc tecas ing at tack anglec I n
additionl it ua- observedl thlat a general decrease
int pressure drag was assocLiae.d With Lire dep~arture
ot tilc ,tall vortex from tire airfoil surface.
Thes~e f indings lnd icate that the deve lopmrernt and
growthi of tire dynamic stall vortex can bc associ-
..ted witir tire loss of vortic fry from tire bounidary
layer of tire airfoil with a eorrs3crp'ert loss in
lift . The: dlynamic stall 1Vorte UrnLlls aIppears to bce
largely a eorrtrequence? ot tire kinsteady ailt oil
mrotifort and rrot a fundamerrtal genrerat ion nrecharrisr
fort producleg tlire eniorircecd lift. Sýince mucih of
tire crrirarrccd liftL of tire airfoil occurrs prior to
tire jinIt lot for ofý tire dynamric vartecx, it Would
appear tier t tire urrrs Lead> Mat ion of tire oftrfoil
itself i s prt rirair ily re sporrait)le tot tire large
enitattcement s in observed lift.

Based or. theseW pieViCLlS OhSelat'iIitfIrs tire
wart lefty productiforn by tire unrsteady airfoil
nrationl shoLuld be of coits iderabi e imtpor tarnce for
rtrder-st and fog tire I ;trg' cirarigos in treat surface
trot' character. lr'eestigar ion of tlire vorticity

prodrie rion by rthe unstseady ý;r'rface miotionr and tire
!ltst altt arteons strrfaie pressurre g~rad tent te rutns

indicated that tire aL pararietet zirould be rel ated
to the relativle st rengthis of tirose two terms for
constant pitch rate mrotitorts. Thris result supports

exper imrentcal firtditogs wiricit hard al so fournd that a

Wcrs a corttroll lg nood Intirts irtrra1 patram'e tee for
constantt Pircir ratce situra tions.-
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